Abstract-A variety of phantoms simulating the human head have been used to test compliance of mobile telecommunications equipment with safety standards. Whereas numerical compliance procedures have mostly been performed using complex anatomical phantoms based on magnetic resonance imaging (MRI) data, experimental procedures have mainly relied on homogeneous phantoms, the ears of which have often been modeled as lossless spacers. Previous studies had indeed demonstrated that the absorption in the head tissue, except the outer ear, can be well represented by a homogeneous head of appropriate shape and material. The objectives of this paper were to fill the gap of the remaining open issues, namely: to evaluate the exposure in the ear region with respect to the spatial-peak specific absorption rate and to evaluate the most appropriate modeling of the ear for experimental evaluations such that it represents the maximum exposure of a reasonable cross section of cellular phone users. This paper is based on a detailed numerical phantom produced using high-resolution MRI scans. During scanning, the ear was naturally collapsed as it occurs when using a cellular phone. The results of this study lead to the conclusion that the spatial-peak absorption occurring in the inner and outer ear can be reliably modeled either by a lossless spacer of not thicker than 3-4 mm or by partially filling the simulated pinna with head tissue simulating media, whereas the minimum distance between the device and liquid should not be larger than 3 mm.
I. INTRODUCTION

R
EGULATORY bodies in the U.S. [1] , Europe [2] , and Japan [3] require compliance testing of handheld mobile communications equipment prior to market introduction. For example, [2] requires that demonstration of compliance must be shown for a reasonable cross-section of mobile telecommunications equipment (MTE) users in four different operational conditions and for all device configurations, whereby the uncertainty must be added to the results. Devices with antenna input powers of less than 20 mW are excluded. Many compliance tests of handheld devices have been performed experimentally using measurement systems similar to the one described in [4] . Although multitissue phantoms have been developed [5] , demonstration of compliance can only be performed based on homogeneous head phantoms, since the entire volume must be accessible by the probe. In most cases, the ear has been replaced by a lossless spacer [4] , [6] , [7] . The suitability of homogeneous phantoms for exposure evaluations had been demonstrated based on the results of a series of studies [8] - [11] systematically investigating the dependence of the absorption on the internal anatomy. The objective of another study [7] was to experimentally evaluate the head shape in the vicinity of the ear as well as the thickness of the collapsed ear. The study was performed with 52 male and female volunteers. Based on this data, a phantom was proposed for compliance testing, the shape of which corresponds to the 90% percentile of greatest absorption for the evaluated group. Following the same approach, it was suggested that the ear should be modeled by a lossless spacer of 4 mm, corresponding to the 10% percentile. Although it was noted that there is absorption in the pinna, it was argued that the losses in the outer ear would be compensated by the replacement of the low-loss structure of the inner ear (bony structure with air cavities) through the lossy tissue simulating material. However, this argument was based on rational reasoning rather than on hard scientific facts. Providing similar arguments, some groups have used the same phantom, but increased the distance to 6 mm, which approximately represents the average thickness of the collapsed ear.
The lossless spacer has always been criticized since it does not account for the losses in the pinna, which might be quite large due to the close proximity of this tissue to parts of the phone, potentially conducting significant RF currents. This criticism was supported by data obtained from numerical studies based on inhomogeneous head phantoms derived from magnetic resonance images (MRI), which showed greatly enhanced specific absorption rate (SAR) values in the external ear [12] - [14] . However, all these studies were performed based on phantoms with noncollapsed ears, which obviously overestimates the ratio between energy absorbed in the ear and the rest of the head. In addition, the maximum voxel sizes were rather large (up to 15 mm ), which may result in significant overestimation of the exposure due to numerical artifacts [15] .
Nevertheless, there was a clear need to thoroughly address the question regarding the appropriate modeling of the ear for compliance testing. The objective of this study was to evaluate the exposure in the ear region based on a high-resolution phantom with an accurate model of a collapsed ear and to investigate possibilities for appropriate modeling of the ear in experimental setups, which neither greatly overestimate nor underestimate the actual user exposure. 
II. HEAD MODELING AND TRANSMITTER REPRESENTATION
The MRI data sets from which our previous phantoms were derived were taken without collapsing the ear, nor did they provide the necessary resolution for accurate modeling of the ear region. For the purpose of this study, a high-resolution MRI data set of the complete head of a healthy female volunteer (age 40) was obtained from the University Hospital of Zurich, Zurich, Switerland. The ears were gently pressed to the head surface in order to obtain the appropriate ear shape for a realistic MTE user situation (Fig. 1) . The MRI slices were separated by 1 mm in the ear region and 3 mm in the upper and lower head regions. From this data, a computer-aided design (CAD) model was constructed consisting of 121 slices, which were separated into 12 different tissue types. Two different numerical phantoms were created: 1) a high-resolution model with 0.125-mm voxels in the ear region and expanding mesh steps in the upper and lower head regions and 2) a model with 1-mm voxels in the ear region and 9-mm voxels in the upper and lower head regions for fast parametric studies. A detailed view of the high-resolution ear region is given in Fig. 2 . The model with the highest resolution required a computational domain of approximately 14 million voxels and 1.2 Gbytes of memory, and took approximately 60 h for ten periods on a Sun Ultra 2 (300 MHz) computer.
Additionally, a homogeneous phantom was created by cutting the ear away in all MRI slices and smoothing the head surface in the ear region. The air-containing auditory canal was filled with tissue. All tissues were simulated with the same dielectric parameter sets of HTSL1 and HTSL2, as given in Table I . HTSL1 corresponds to the values used in our previous studies [9] - [11] and HTSL2 was initially proposed by the Federal Communications Commission (FCC) and approximately corresponds to the arithmetic average of grey and white matter.
In order to comprehensively study the exposure of the ear region, two different generic transmitters were used: 1) a 0.45-dipole and 2) a generic phone (Fig. 3) . The basic study was performed using the dipole. In order to validate the generality of the findings for other transmitters, additional simulations were performed with a generic phone in various positions.
III. METHODS
The study was performed by employing the finite-difference time-domain (FDTD) technique, applying a three-dimensional Fig. 3 . Dimensions of the metal case of the generic phone (left-hand side) and vertical (B1) and horizontal (B2) phone positions (right-hand side). The metallic box is at a distance of 2 mm from the outermost voxel of the pinna, corresponding to a 2-mm plastic layer covering the metal case. The dot corresponds to the location of the opening of the auditory canal.
(3-D) in-house kernel developed within the framework of a Swiss priority research program. For the numerical model, an inhomogeneous grid with expanding mesh steps was used to minimize memory costs and computation time. The time step was chosen according to the Courant limit [16] . Second-order Mur absorbing boundary conditions (ABCs) were used for these calculations to truncate the computational domain despite the availability of other ABCs in the current implementation, including a Higdon operator up to fourth order and perfectly matched layer (PML). This enables some computational expenses to be saved since scattering at nonperfectly absorbing boundaries is of negligible significance for close near-field studies due to the strong dependence of the absorption on the distance [8] . The head models for validation purposes have been simulated with the FDTD-similar finite-integration (FI) implementation applying the commercially available software package MAFIA [17] . Details on the FDTD technique can be found in [16] and in [18] for FI.
A computer-aided design (CAD) tool (SEMCAD, Schmid & Partner Engineering AG, Zurich, Switzerland) was used for the import of CAD data derived from the MRI images, for the rotation of the CAD data and the subsequent automatic discretization. The rotation of the CAD data prior to discretization is necessary to obtain reliable tilted head models, as used in this paper.
The excitation of the dipole and generic phone exposure was chosen to be an added source [19] in order to directly normalize all values to the feedpoint current. This approach is advantageous since the SAR is predominantly induced by the -field, which is directly proportional to the feedpoint current [8] . SAR values were calculated in the center of the voxels by interpolating all 12 electric-field values of the surrounding edges.
The 1-g/10-g spatial-peak SAR values were calculated by expanding a cube at each grid point until the desired mass was reached. The cube was always aligned parallel to the grid coordinates and each outermost layer of the cube consisted of at least one voxel of tissue, i.e., the cube not only contained tissue, but also air voxels. This evaluation approach is in good agreement with the latest definition for the "cube" described in the various standards.
The experimental data used for validation purposes was obtained using DASY3 (Schmid & Partner Engineering AG), which is the successor of the dosimetric assessment scanner described in [4] and provides enhanced precision and flexibility.
IV. VALIDATION OF THE NEW HEAD MODEL
In the first step, the performance of the new phantom was compared with those of the previous phantoms (Fig. 4) . A comprehensive data set is available for the excitation of a 0.45-dipole source at 900 MHz. The orientation of the dipole is vertical and the position of the feedpoint is 5 mm above the pinna and at a distance of 15 mm between the feedpoint and surface of the head. The same dielectric parameter set as in the previous studies was chosen, which corresponds to the Dielectric Database from Microwave Consultants, London, U.K. [20] . The SAR distribution and spatial-peak SAR values were computed has not yet been studied, seven-(C7) and three-year-old (C3) children evaluated in [11] , new female head with collapsed ears (M 6). Experimental head phantoms: shell phantom for compliance testing described in [9] (E3), shell phantom (E2) with the same head shape as E1, a five-tissue phantom described in [5] . M 4 is the numerical model of E1, based on CT scans. for the inhomogeneous phantom, as well as for the homogeneous phantom in which the dielectric parameters of all tissues were replaced by the parameters of the head tissue simulating liquid (HTSL1).
The SAR distributions along a line perpendicular to the dipole axis directly behind the feedpoint are compared in Figs. 5 and 6. In Fig. 6 , the experimental data for the three different head phantoms / / (see Fig. 4 ) have been added. In Fig. 7 , the 1-and 10-g spatial-peak SAR values are compared.
The obtained SAR data for the new head model is well within the given range of the other head models (Figs. 5 and  6 ), verifying the previous conclusions that local absorption is strongly dependent on differences of the internal anatomy, whereas the spatial-peak SAR values vary only within a small [14] range (Fig. 7) . In other words, the spatial-peak SAR-at least for the area above the ear-can be well assessed using a homogeneous phantom having the appropriate dielectric parameters.
V. RESULTS AT 900 MHz
A. Dipole Configurations
The position of the dipole in the above-mentioned absorption studies [9] - [11] was chosen because it results in the largest absorption. The brain was also considered to be the most relevant tissue with respect to health-risk considerations. Another reason for choosing the position was its rather simple and well-defined tissue distribution, i.e., small shifts parallel to the surface of the skin do not result in significant changes of the absorption pattern. Much larger variation must be expected for the ear region, which is composed of a complex 3-D tissue distribution, including air cavities and low-loss bone structures, as well as various wet tissues.
The basic investigation on the absorption in the ear region was also performed using the dipole since it has a well-defined current distribution, which does not strongly depend on the load, i.e., on the scattered field. The effect on the impedance, which would significantly distort the evaluation of the absorption in the ear as a function of the modeling, can be avoided by normalizing all values to a constant feedpoint current of 100 mA. The vertical dipole was shifted on a matrix parallel to the head surface, with a distance to the closest tissue voxel of 2 mm for the inhomogeneous phantom. The separation of the 3 3 matrix was 20 mm in the -and 15 mm in the -direction. The values were compared to those of the homogeneous phantom (HTSL1: , mho/m) with a 4-mm lossless spacing. The dielectric parameters were chosen from [21] (Table II) , which are more recent than the dielectric parameters used in the previous studies.
The results of a representative position directly behind the opening of the auditory canal is shown in Fig. 8 , in which the two additional distances of 5 and 10 mm were also evaluated in order to verify whether the findings have a strong distance dependence.
At this particular position, the earlier assumption holds that filling the low-loss structure of the inner ear with lossy liquid compensates for the losses in the pinna (Fig. 9) . However, the volume containing the spatial-peak SAR value shifts away from the feedpoint to areas of greater wet tissue content. This is represented in Fig. 10 , showing a shift in position of the averaging volume to outside the complex-shaped air-containing ear region for inhomogeneous modeling. Since the homogeneous phantom shall be designed to well represent the spatial-peak SAR values, the homogeneous head without the ear will not well represent the local-peak SAR, which occurs in the pinna (Fig. 8) . It must also be noted that these local values strongly depend on the shape of the ear. On the other hand such single-voxel based values incorporate large uncertainties due to numerical artifacts, which can easily exceed 100% [15] .
Based on these results, considerably larger spatial-peak SAR values had to be expected when the feedpoint of the dipole is shifted to locations where the tissue volume of the pinna in the proximity of the feedpoint is considerably larger. To study this dependence, the dipole's position was shifted on a plane parallel to the ear on a 3 3 matrix, the results of which are plotted in (Fig. 11) . The largest spatial-peak SAR (1-g averaged) was approximately 3 dB above the value found at the center position. The reason is the larger volume of the pinna and that the bone structure of the inner ear does not entirely extend to this ear region. However, this dipole simulates a concentrated source within only 2 mm from the tissue, which is unlikely to occur in daily situations.
B. Generic Phone Configuration in Simplified Positions
In order to better represent the actual exposure with a more distributed source in the area of the ear, a generic phone with dimensions as represented in Fig. 3 has been used in the following studies. It consists of a simple box with a monopole antenna of realistic dimensions. In order to compare our results with the findings of previous studies, the phone was first positioned vertically (position ) and horizontally (position ) next to the ear (90 with respect to the line connecting both auditory canals). The reason that this rather uncommon position was favored by most studies was the shortcoming of most numerical tools in the support of tilting head models without significantly impairing modeling accuracy.
The distance to the closest voxel of the pinna was, in both positions, 2 mm in order to account for the thickness of the synthetic material around the device body. The location of the imaginary loudspeaker was directly behind the opening of the auditory canal, as represented in Fig. 3 . For the homogeneous phantom (HTSL1: , mho/m) a lossless spacer of 4 mm (i.e., 6 mm between the surface of the phantom's skin and the metallic box) and 6 mm (8 mm, respectively) was chosen. The results for the 1-and 10-g values for positions and are summarized in Fig. 12 . It becomes obvious that a spacer of 3-4 mm represents the maximum exposure of the inhomogeneous phantom much better than a spacer of 6 mm. As expected, the spatial-peak SAR values averaged over a cube of 10 g are much less sensitive to the location of the phone and modeling of the ear.
C. Intended Use Position
To verify these findings for more realistic positions with respect to the head, the dipole and phone were evaluated in a position that corresponds to the intended use position defined by [2] . In the first step, the CAD data of the head was rotated by 23 around its -axis and 7 around its -axis (Fig. 2) , which represents the intended use position (position ). The CAD model of the dipole or phone was added and a new graded mesh aligned to the coordinate system of the source was then generated (Fig. 13) . This procedure results in a discretization that neither adds uncertainties to the phone modeling, nor changes the accuracy of the head modeling compared to the previous positions.
The spatial-peak SAR values averaged over 1 and 10 g are represented in Fig. 14 for the dipole and in Fig. 13 for the generic phone for a 4-mm lossless spacer. As for the previous position, the maximum underestimation exposure for the investigated source with homogeneous modeling without an ear, using a spacing of 4 mm and dielectric parameter set of HTSL1 was 20% for the 1-g spatially averaged SAR. Using the dielectric parameter set of HTSL2, the underestimation was more pronounced (30%).
VI. RESULTS AT 1800 MHz
Additional studies were necessary at 1800 MHz since it is not, per se, obvious that the findings are also valid at higher frequencies due to the significantly reduced skin depth. It is expected that a larger amount of the total energy loss is absorbed in the external ear and skin. For comparison, the homogeneous phantom was simulated with both dielectric parameter sets HTSL1 and HTSL2.
The results are summarized in Figs. 14 and 15, from which similar conclusions at 900 MHz can be drawn under the condition that the homogeneous phantom is modeled with the dielec- tric parameter set of HTSL1. Employing the dielectric parameter set of HTSL2, the underestimation is quite significant, suggesting that the thickness of the spacer must either be reduced or the ear must be modeled by a lossy cartilage-like material.
VII. DISCUSSION AND CONCLUSIONS
This paper on the exposure of the ear was based on one particular phantom only, i.e., it does not provide information about the variations of different ears. In addition, the exposure was only investigated for two generic transmitters. Nevertheless, the study enables conclusions to be made that are generally valid within reasonable limits.
The basic requirement for a sound procedure shall enable demonstration of compliance for a reasonable cross section of users. This ultimately requires simplifications, since the absorption significantly depends on the internal and external anatomy of the user. The simplification is driven by the requirement to define a single phantom that satisfies the following criteria: the exposure assessed with this phantom for a given MTE and position shall not underestimate the actual maximum exposure occurring in a reasonable cross section of users. Based on the previous studies, it was shown that this is possible with a homogeneous head of appropriate shape and dielectric parameters despite the considerable anatomical variations. This had been validated with the exception of the ear region. The ear region is of special complexity with respect to absorption because of the complex structure of the inner ear and the considerable anatomical variations in shape, size, and thickness of the external ear. In addition, the external ear is always in direct contact with the device. On the other hand, the external ear has proven to be quite resistant to all kinds of chemical and physical agents, as well as environmental stress. However, current safety guidelines do not define different safety limits for the external ear.
The results of this paper suggest that, for this particular person, the spatial-peak exposure in the ear region can be appropriately modeled by simulating the head homogeneously by selecting the dielectric parameter set of HTSL1 and simulating the ear pinna by a lossless spacer of 3-4-mm thickness. Using a 4-mm spacer, the maximum underestimation of the spatially 1-g averaged peak SAR using a generic phone as a source was below 20%. The 10-g averaged spatial-peak SAR, however, was never underestimated. In case of a worst-case exposure source, the underestimation of the 1-g averaged value could be as high as 3 dB.
To obtain a more comprehensive database valid for a reasonable cross section of the user group, a larger number of human head models, including realistically modeled ears, would have to be analyzed in a similarly detailed approach as presented herein. This would clearly exceed the resources of our laboratory. Nevertheless, since the head phantom used has no obvious significant deviation from a normal head, it is unlikely that using other head phantoms will significantly change the basic findings of this paper. Consequently, this paper permits the general conclusion that a lossless spacer of 4 mm would result in significant underestimation of some exposures. On the other hand, a very thin spacer would overestimate the exposure in the area above the ear. Consequently, a rigorous approach fully complying with the results of this paper would be to model the extension of the outer ear sufficiently large (e.g., 90% percentile) and the thickness of the compressed ear correspondingly thin (e.g., 10% percentile), whereby the ear should be partially filled with tissue simulating liquid by providing a minimum distance between the device and liquid of not larger than 3 mm.
